The Advanced Hydrotest Facility (AHF), a proton radiography and tomography facility, is under study at the Los Alamos National Laboratory (LANL). 800-MeV protons from the existing LANSCE linear accelerator are to be accelerated to 50-GeV and the resulting beam split twelve fold during transport through a complex multi-path beam transport and lens system to illuminate a study object along multiple directions. The object-scattered protons are imaged for analysis by a system of large-bore (20 and 50 cm diameter) magnetic lenses. The development and comparison of the AHF superconducting (SC) beam-transport-magnet, supercritical-helium cooling and distribution system options are described. The beam-transport cryoplant system is site positioned and sized, and the system utility costs and facility parameters are estimated.
INTRODUCTION
The Advanced Hydrotest Facility (AHF), a significant element of the Stockpile Stewardship Program, will use proton radiography [1] to evaluate the otherwise undetectable structure of dynamic events within thick dense objects. The construction and implementation of this dedicated facility will extend the single-axis feasibilitydemonstration work done at LANL (800 MeV), and by Brookhaven National Laboratory (25 GeV). The AHF characteristics include capability of high-resolution tomography, higher-energy and higher-intensity proton beams (50 GeV), along with high-resolution material identification.
A 3-GeV booster and a 50-GeV synchrotron will accelerate the LANSCE 800-MeV proton beam to 50-GeV. Alternatively, a site-independent linac maybe used to inject the booster. The beam is split and transported through a complex multi-path beam-transport and lens system to illuminate a study object along 12 axes [2] . The object-scattered protons are then imaged by a system of large-bore magnetic lenses for analysis [3] .
Superconducting (SC) magnet cryosystem options have been developed for the AHF system shown in FIG 1. The magnet cooling required divides the AHF system into two areas: the lens SC magnets cooled by pool boiling helium, and the beam-transport SC magnets cooled by a flow of supercritical helium. Cryosystem solutions for the former are addressed in [4] . This paper presents the development of the cryogenic systems for the supercritical-helium cooled, SC beam-transport option that is part of the project baseline. Provided are recommendations for the helium-refrigerator/liquefier size, its site position, and the distribution system. Additionally, estimates are provided for system costs.
THE BEAM TRANSPORT LATTICE
FIG 1 shows the AHF beam-transport lattice. In the SC option, SC magnets are located only in the bends. The figure provides a designator for each bend, and the number and type of magnets in the bends. RHIC (Relativistic Heavy Ion Collider) type dipoles and quadrupoles are assumed [5] .
TABLE 1 presents the basic magnet parameters used to develop the cryosystem for the beam-transport lattice. The magnets are arranged in a serial string (FIG 2) in a commonly used alternate quadrupole and dipole beam transport arrangement. A subcooler end box at one end of the string provides cryogen ingress and egress, and subcooler. The end box at the opposite end of the string contains the magnet power leads. The dipole and quadrupole strings of each bend are powered independently.
CRYOSYSTEM BASELINE CONCEPT
Supercritical flow at < 4.4 K and ~ 4 atm cools the magnets in a string. (Note that the low atmospheric pressure at LANL, 0.8 atm, permits operating temperatures of < 4.5 K 2 Obtained by the linear scaling of RHIC arc dipole magnet's cold mass by length. The RHIC dipole magnet mass is 8500 lb. The RHIC arc dipole magnet cold mass length is 9.7 m. 3 Obtained by the linear scaling of RHIC arc dipole magnet's stored energy (351 kJ) by length. 4 Obtained using the mass per unit length for RHIC quadrupole magnets (397.5 kg/m). 5 Obtained by linear scaling of the RHIC quadrupole magnet's stored energy (20 kJ) by length. The RHIC quadrupole magnet cold mass length is 1.1 m.
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without special provisions.) To ensure a maximum stream temperature of ≤ 4.6 K, string flows ranging from 75 to 140 g/s are required. Gaseous helium at 40 < T < 55 K cools the serial magnet shields.
In contrast to RHIC's closely spaced magnet strings, AHF has large distances (130 to 220 m) between magnet strings in its beam-transport lattice. RHIC has used the magnet vacuum vessels for cryogen transport insulation, but that arrangement is feasible only at the AHF string locations. AHF beam transport avoids a central cryoplant requiring long lengths of transfer line and the associated capital and operating costs [6] with a local cryoplant design. Each tunnel-located cold box services one or two bends in the baseline cryosystem design for the beam-transport system. The warm compressor systems are consolidated in a central location, allowing the use of fewer, larger, more efficient units to increase system efficiency and minimize operating costs. A central location allows consolidation of the oil-removal systems and dryers into fewer, larger, equipment skids, 
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between 40 and 55 K. Note that the cryoplants are operated without liquid-nitrogen precooling as a consequence of their tunnel location.
CRYOSYSTEM CAPACITY AND REQUIREMENTS
The heat load and flowrates for the various strings, or string pairs in TABLE 2 were developed using the magnet conditions given in TABLE 1. For this analysis, the 4-K heat load to each end box is 5 W, and the thermal shield heat load is 35 W. The current lead load is 0.06 g/s + 1.7 W per kA [5] . The pump box is allocated a static 4-K heat load of 35 W, and 150 W for the shield. Pump adiabatic efficiency is 60% [7] . Transfer line loads are assumed to be 0.5 W/m and 1.9 W/m to 4 K and the radiation shield, respectively, and include the bayonet and other ancillary component heat loads.
The following margin factors are used to obtain the 4.5-K equivalent load: 1 primary (4.35-K) heat loads, 1.3; liquefaction load, 1.2; and shield heat load, 1.5. The total equivalent heat load at 4.5 K contains an additional factor of 1.2 to provide a system control margin. The efficiencies used were 0.1 and 0.15 respectively, for 4 and 47 K refrigeration. The total equivalent heat load for all the bends is 4,700 Watts.
CRYOSYSTEM CAPITAL COSTS, FACILITY AND UTILITY REQUIREMENTS
TABLE 3 summarizes the capital costs and the utility requirements for operating the cryoplants for the beam-transport lattice.
The Strobridge correlation relates the cryoplant costs to the total equivalent heat load at 4.5 K [8, 9] . The correlation coefficient was determined using the known cost of a turnkey system purchased in 1992 for the Superconducting Super Collider Project [10] corrected for inflation using the Marshall and Swift Equipment Cost Index. The cryoplant cost numbers include warm-helium-gas storage, warm compressors with oil-removal system, gas dryers, cold boxes, control system, liquid helium storage, and liquid nitrogen storage. The cost numbers also include the transportation to Los Alamos, and installation and commissioning of the cryoplant by the vendor as a turn-key system. They exclude building and other facility costs, and assume utility stub-ups provided at each equipment skid. Estimates of the relative cost for each of nine identical systems were obtained through discussions with a major cryoplant vendor [11] at a unit production rate of one per month. Transfer-line costs were determined using inflation-corrected CEBAF cryogenic distribution system per meter costs [12, 13] that include all transfer line lengths and end boxes, and their installation and commissioning. Since the correlation used assumes a compressor near the cold box, additional warm piping is necessary to support a central compressor station. Estimating the size and length of the piping required, and applying large-quantity-order piping costs [14] determined those costs. Warm piping installation and material cost data were obtained from [15] . Spare-parts costs are taken to be 10% of the cryoplant costs. No credit was taken for the potential savings achievable by purchasing fewer, larger compressors and ancillary equipment.
Electrical power consumption was determined by the Carnot relationship and an efficiency for a real refrigerator operating between 4.5 and 310 K, removing the total equivalent heat load at 4.5 K. An efficiency of 10 % of Carnot was used. The wall power required to handle 4,700 W is 3.33 MW, assuming local compressors with an isothermal efficiency of 0.48. Using larger centrally located cryoplants with a compressor isothermal efficiency of 0.55 would reduce the wall power required to 2.9 MW.
The helium-gas compressors will be equipped with oil and gas ambient-air coolers and require no water. A small closed-loop coolant system will be required for turbine brakes.
A compressor room would house the warm compressors (with oil removal) and gas dryer(s). Compressor-room size was determined by scaling, using the ratio of the known horsepower of the HERA (Hadron Electron Ring Accelerator) compressors with respect to the size of the building housing these compressors [16] . The central compressor station shares the site with the compressor station for the lens-system cryoplant [4] . An additional area of 4,800 ft 2 with a height of 20-30 ft is required to accommodate the beam-transport compressors.
The cold boxes and the pump boxes will be located in tunnel alcoves near the magnet strings they serve. The dimensions of an individual cold box are approximately 5-6 feet in diameter by 9.5 feet in height, including valve actuators. The pump box is ~ 3 feet in diameter and ~ 5 feet in height. An ionizing-radiation-shielding wall is required to protect the cold and pump-box components. The components with the highest potential for failure, the turbines, valve actuators, etc. can be replaced in situ. The very rare repair of a cold boxes' internals will require a lifting apparatus hook height of > 16 ft or a pit below the cold box into which the vacuum shell can be dropped. The cold box is sufficiently small that it could be transported to an access shaft for repair at a ground-level maintenance facility, provided an egress path is provided and maintained, or can be readily reestablished.
The control system will share the control room designated for the lens system cryoplant [4] .
SUMMARY
The development of options for the SC AHF, supercritical helium, beam-transport magnet cooling and distribution system has been presented. Options including a central cryoplant were eliminated due to the impact of long transfer lines on capital and operating costs. A cryosystem based on nine small cold boxes and pump boxes located in the tunnel near the bends they service, with a centrally located compressor station is recommended. The estimated capital cost for the cryosystem is $21.2 M including spare parts. Power consumption is 2.9 MW, and no liquid nitrogen is required.
